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SUMMARY 

An investigation  was conducted to  determine the  effect of alloying elements  (Ti, C r y  
Mn, Ni, Rh, and W) on the  abrasive-wear and -friction behavior of a number of iron- 
base  binary  alloys. The sliding  friction  experiments  were conducted with a 0 .025-  
millimeter-radius  spherical  rider of single-crystal  silicon  carbide on disks of the  same 
material in mineral oil. All experiments  were conducted with loads of 0.05, 0 .1 ,  and 
0 . 2  newton at a  sliding  velocity of meter  per minute with a total  sliding  distance 
of 3 millimeters at room  temperature. 

The results of the investigation  indicate that  the  atomic  size and content of the alloy- 
ing  element  dominate  the  abrasive-wear and -friction  behavior of iron-base  binary  alloys. 
The coefficient of friction and groove  height (wear volume) generally  decrease, and the 
contact pressure  increases with increasing  solute content. The correlation of solute  to 
iron  atomic  radius  ratio with the  decreasing  rate of coefficient of friction -dp/dC, de- 
creasing  rate of groove height (wear volume) -dH/dC, and the  increasing  rate of contact 
pressure dP/dC with  an increase of solute content appears  to  be  very good. Those 
rates  increase  as the  solute  to  iron  atomic  radius  ratio  increases or  decreases  from 
unity. The abrasive-wear and -friction  properties of the  annealed and mechanically 
polished  alloy surfaces  were not significantly  different. 

INTRODUCTION 

The present  authors have conducted simple  experiments to determine  the  abrasive 
wear of metals in order  to gain a better fundamental  understanding of the  industrial 
process of grinding (ref. 1). In these  simple  experiments  sliding  friction tests 
were conducted with spherical,  single-crystal  silicon  carbide  riders contacting various 
metals. The abrasive-wear and -friction of the  metals  were found to be strongly re- 
lated to the shear  strength of the metal.  The  coefficient of friction and the  wear volume 
decreased  linearly as the  shear  strength of the bulk metal  increased.  Further,  the 
abrasive characteristics of the  metals  in these simple  experiments  were found to be 
very similar to  those obtained by Avient, et al. (ref. 2), in full-scale  wear  studies. The 
The determination of abrasive  wear  characteristics of materials  in such simple ex- 
periments  was not only more  rapid and highly reliable, but also  more economical  than 
full-scale tests. 



The present  authors found that, with simple  experiments of iron-chromium  binary 
alloys,  the  alloy  solution  hardening  observed played a dominant role in controlling  the 
abrasive-wear and -friction of the  alloys (ref. 3). The  coefficient of friction and the 
volume of the groove plowed  with a silicon  carbide  rider  correlated  directly with the 
chromium content in iron. The measured  contact  pressure  during  sliding  correlated 
with the  hardness  data obtained by Stephens and Witzke (ref. 4). However, the  exact 
role of alloying  elements in the  abrasive-wear and -friction was not clearly  revealed in 
reference 3 because of the  small  selection of alloying  elements. 

The objective of the  present investigation  was to  examine  the  effect of alloying  ele- 
ments  (such as  Ti, Cr, Mn, Ni, Rh, and W) on the  abrasive-wear and -friction behav- 
ior of several  iron-base,  binary, solid-solution  alloys.  The sliding  friction  experi- 
ments  were conducted with 0. 025-millimeter-radiusY  spherical  riders of single-crystal 
silicon  carbide  (simulating an abrasive grit) sliding on the alloy disks in mineral  oil. 
Oil was  used  to  minimize adhesion effects on friction. All experiments  were conducted 
with loads of 0.05, 0.1, and 0 .2  newton at a sliding velocity of 3 ~ 1 0 - ~  meter  per min- 
ute with a total  sliding  distance of 3 millimeters  at  room  temperature. 

SYMBOLS 

A projected  area of contact, TD /8 2 

C solute  content, at. % 

D width of a  groove (wear  track) 

H height of a  groove (wear  track) 

HV 
Vickers  hardness 

-dH/dC decreasing groove  height with increasing C 

dHv/dC alloy  hardening rate with increasing C 

K solute  to  iron  atomic  radius  ratio 

k  constant for  material 

kf constant for  material 

m  constant  for  material 

n  constant for  material (Meyer' s index) 

P contact pressure during  sliding, W/A 

dP/dC increasing contact pressure with increasing C 

r radius of spherical  rider 
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W normal load 

P coefficient of friction 

-dl/./dC decreasing coefficient of friction with increasing C 

MATERIALS 

The single-crystal  silicon  carbide  used in these  experiments was  a  99.99-percent- 
pure compound o€ silicon and carbon and had a  hexagonal-closed-packed crystal  struc- 
ture,  as indicated in table I. The Knoop hardness  was 2954 in the (lOi0) direction and 
2917 in the (1120) direction on the  basal plane of silicon  carbide  (ref. 5). Table 11 
presents  the analyzed  compositions in atom  percent of iron-base  alloys  prepared by 
Stephens and  Witzke (ref. 4). The iron-base binary  alloys of reference  4 were pre- 
pared by arc-melting  the high-purity iron and higbpurity alloying elements (Ti, Cr,  
Mn, Ni,  Rh, and W). The solute  concentrations  ranged  from  approximately 0. 5  atomic 
percent  for  those  elements  that have extremely  limited  solubility in iron up to approxi- 
mately 16 atomic percent  for  those  elements  that  form  a continuous series of solid so- 
lutions with iron. 

- 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Apparatus 

The apparatus used in this  investigation i s  shown schematically in figure 1 and is 
described  in  reference 6 .  

Specimen Preparation 

The single-crystal  silicon  carbide  rider  surface  was  hemispherical and was pol- 
ished with approximately  3-micrometer-diameter diamond powder and  then 1- 
micrometer-diameter  aluminum oxide (A1203) powder. Its  radius of curvature r was 
0.025  millimeter (fig. 2). And its orientation is also shown in  figure 2. 

The surfaces of iron-base  alloy  disk  specimens  were  also polished with 3- 
micrometer-diameter diamond powder and then 1-micrometer-diameter aluminum 
oxide powder. Some of the  disk  specimens  were annealed  under  a  vacuum of to 

pascal  for 1 hour at  the  temperature  where maximum  solubility  occurs in the a 
region.  This  anneal  was followed by a 16 hours or more  at 300° C in order  to produce 
single-phase, homogenized, equiaxed, strain-free  specimens  (ref. 4). 
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Experimental  Procedure 

Both the  silicon  carbide and alloy surfaces were  rinsed with  200-proof ethyl alcohol 
before use. The friction  experiments involved a single  pass  over a total  sliding  distance 
of 3 millimeters  at 3 millimeters  per minute and were conducted in mineral oil. Typi- 
cal  properties of the  mineral  oil  appear in table III. All experiments  were conducted 
at 25' C. 

The heights H and widths D of the  grooves  (wear  tracks)  reported  herein  were 
obtained by  averaging  measurements of 8 to 10 surface-profile  records. A typical 
surface-profile  record is shown in  figure 3. 

RESULTS AND DISCUSSION 

Deformation Effects of Mechanical  Polishing 

Because of concern for mechanical  polishing  effects on abrasive  wear,  this  effect 
was examined. Sliding friction  experiments were conducted with 0.025 millimeter- 
radius,  spherical  silicon  carbide  riders in contact with both annealed and mechanically 
polished  alloy  disk surfaces in mineral  oil  at  loads of 0.05, 0.1, and 0.2 newton. Fig- 
ure 3 shows a typical  friction-force  trace and surface  profile of a groove resulting  from 
such  sliding.  The friction-force traces obtained  in this investigation are characterized 
by randomly  fluctuating  behavior, with no evidence of stick-slip (fig. 3(a)). Sliding 
involves plastic flow  and the  generation of wear  debris. The surface  profiles,  there- 
fore, are characterized by grooving with considerable amounts of deformed  alloy  piled 
up along  the  sides of the groove (fig. 3(b)).  More  detailed  examination of the groove 
revealed evidence of wear  debris,  as  already  discussed in reference 1. 

Figure 4 presents  coefficients of friction, groove  heights  (peak-to-valley  height 
of groove), and contact pressures on both surfaces of annealed and mechanically pol- 
ished  iron-titanium  alloys as functions of titanium content in iron at various loads. A 
contact pressure P during  sliding was estimated  from  the width of groove, however, 
it may be defined as P = W/A where W is the applied normal  load and A is the pro- 
jected  area of contact and is given  by A = nD / 8  (only the  front half of the  rider is in 
contact with the  disk).  Figure 4 shows that  the  coefficient of friction and groove  height 
generally  decrease  as  the  titanium content increases.  The  contact  pressure  (corre- 
sponding to  the  microhardness)  increases with increases in the  titanium content. The 
decreasing rates of both the coefficient of friction  and  the groove height and the in- 
creasing  rates of the  contact pressure  are  larger  for  the annealed surfaces than for 
mechanically  polished surfaces. The trends of the  data, however, for both the annealed 
and polished surfaces  are  similar. Because  the  friction,  deformation, and wear prop- 
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erties of the annealed  and  mechanically  polished  alloy surfaces  were not significantly 
different,  the  succeeding  experiments  were conducted with the mechanically  polished 
alloy  surfaces. Note that  the height H and  width D of the groove were defined in ref- 
erence 1 and a r e  illustrated in figure 4. 

Alloying Element  Effects 

Sliding friction  experiments  were conducted with 0.025-millimeter-  radius,  spher- 
ical,  single-crystal  silicon  carbide  riders  in  contact with mechanically  polished  sur- 
faces of various  iron-base  alloys in mineral oil.  The  binary-alloy systems  were  iron 
alloyed with titanium,  chromium,  manganese,  nickel,  rhodium, o r  tungsten. 

the groove) for a number of binary  alloys are  presented in figures 5  and 6 as  functions 
of solute  content  (atomic  percent) at load of 0.05 and 0 .  1 newton. The data of these fig- 
ures indicate  decreases in the coefficient of friction and groove  height with an increase 
in solute  content.  The  examinations of figures 5 and 6 show no significant change in 
coefficient of friction with load, but there  are obvious differences in the groove  height 
with load. The relation between the groove  heigbt H and the load W could be ex- 
pressed by W = kc Hm, where kt and m are  constants for  the  material under examin- 
ation (ref. 1). The average  rates of decrease in the coefficient of friction and the 
groove  height  strongly depend on the  alloying  element. This matter will be discussed 
in controlling  mechanisms of friction and wear. 

The coefficients of friction and the groove height (corresponding  to  the volume of 

Figure 7 presents  the  contact  pressure  during  sliding  for  various  binary  alloys  as 
a function of solute  content  (in atomic  percent)  at  loads of 0 . 0 5  and 0.1 newton. The 
contact pressure  increases as the  solute content increases, and the  increasing  rate in 
the  contact pressure depends on the alloying element.  There is no significant  change  in 
contact pressure with load. The contact pressure  was calculated from the groove width. 
The  relation between the groove width D and load W could be  expressed by W = kDn, 
which satisfies Meyerf s law  (refs. 1 and 7). 

Controlling  Mechanisms of Friction and Wear 

Alloy hardening at higher  temperatures (300 and 411 K) and alloy  softening at lower 
temperatures (77 and 188 K) have been observed in several  iron-base  binary  alloys 
by Leslie and Spitzig  (refs. 8 and 9), Pink (ref. lo),  Leemans and Fine (ref. l l ) ,  and 
Stephens and Witzke (ref. 4). These  investigations concluded that  for many alloy  systems 
both alloy  softening  and  alloy  hardening were  controlled by atomic  size  misfit or the 
solute  iron  atomic  radius  ratio. The  grooves  (wear  tracks) were formed in alloys  pri- 
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marily by the  mechanism of plastic  deformation  (under  hydrostatic  contact  pressure) 
and plowing stress, with occasional  material  removal. 

The  formation of grooves may  be very  similar  to  that of indentations in hardness 
test.  Therefore,  the  manner in which the  friction and wear  properties  correlate with 
the  solute  to  iron  atomic  radius  ratio o r  atomic  size misfit i s  of interest.  Figures 8 
to 10 present  the  decreasing  rates of coefficient of friction -+/dC  and  groove  height 
-dH/dC, and the  increasing  rate of contact  pressure dP/dC with an increase of solute 
content a s  a function of solute  to  iron  atomic  radius  ratio at loads of 0.  1 and 0.05 new- 
ton. The rates  were  estimated  from  the  data in figures 5 to 7. 

There  appears to be  very good agreement between the  friction and wear  properties, 
and the  solute  to  iron  atomic  radius  ratio. The correlation between each  rate and the 
solute  to  iron  atomic  radius  ratio is separated  into two cases:  first,  the  case  for alloy- 
ing with manganese and nickel, which have smaller  atomic  radii than iron, and, sec- 
ond, the  case  for  chromium, rhodium,  tungsten,  and  titanium, which have larger 
atomic  radii  than  iron. The -dp/dC, -dH/dC, and dP/dC increase  as  the  solute to 
iron  atomic  radius  ratio  increases  or  decreases  from unity. Thus, the  correlations 
indicate  that  atomic  size of the  solute is an important  parameter in controlling  abrasive- 
wear and -friction  in  iron-base,  binary  alloys as well as alloy  hardening  reported by 
Stephens  and Witzke (see fig. 10 and  ref. 4). 

Leslie concluded in his review  that  the  atomic  size  misfit  parameter is a  reason- 
ably good indicator of the  strengthening of a-iron by the addition of low concentrations 
of substitutional  solutes  (ref. 8). The present  authors have already shown that  the 
abrasive-wear and -friction  are  strongly  related  to  the  shear  strength of the  pure  metals. 
These two conclusions  suggest  that  abrasive-wear and -friction can be correlated with 
atomic  size  misfit and shear  strength in metals and alloys. 

Rider Shape Effect 

Sliding  friction  experiments  were conducted with a spherical, 0.025 millimeter- 
radius,  single-crystal  silicon  carbide  rider in  contact with various  iron-base  alloys  at 
load of 0 .2  newton in mineral oil. Figure 11 presents the  coefficients of friction and 
the groove heist as functions of solute content (at. 96). At loads of 0.05 and 0. 1 new- 
ton, the  rider shown in figure 2 are  in spherical  contact with alloys. But at  a  load of 
0 . 2  newton, the  contact of rider with alloys  includes a conical  portion of rider, in  ad- 
dition to  the  spherical  portion.  Figure 11 indicates  that  the  atomic  size  (solute  to  iron 
atomic  radius  ratio) and content of alloying  element  play  a  dominant  role in controlling 
the  abrasive-wear and -friction  properties of iron-base  binary  alloys, as has been al- 
ready  discussed. 
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C ONC LUSIONS 

As a result of sliding  friction  experiments conducted with spherical,  single-crystal 
silicon  carbide  riders in sliding  contact with various  iron-base  binary  alloys,  the fol- 
lowing conclusions are drawn: 

1. The atomic  size and  content of alloying  element  play a dominant role in control- 
ling  the  abrasive-wear and -friction  properties of binary,  iron-base  alloys. 

2. The  coefficient of friction and  groove  height (wear volume) generally  decrease, 
and the  contact  pressure  increases with an increase in solute  content C. 

3. There  appears  to  be  very good agreement between the  decreasing  rate of  co- 
efficient of friction -+/dC, the  decreasing  rate of groove  height (wear volume) -dH/dC, 
and the  increasing  rate of contact  pressure dP/dC with an increase of solute content 
C and the  solute  to  iron  atomic  radius  ratio.  Those  rates  increase as the  solute  to 
iron  atomic radius ratio  increases or decreases  from unity. 

4. The  abrasive-wear and -friction  properties of the  annealed and mechanically 
polished  alloy  surfaces  were not significantly  different. 

Lewis Research  Center, 
National Aeronautics and Space  Administration, 

Cleveland, Ohio, October 6,  1978, 
506- 16. 
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TABLE I. - COMPOSITION DATA, CRYSTAL STRUCTURE, 

AND HARDNESS OF SINGLE-CRYSTAL SILICON  CARBIDE 

(a) Compositiona 

Si 

<O. 1 ppm <200 ppm <lo0 ppm <500 ppm 33.3% 66.6% 

Others P B 0 C 

(b) Structure (c) Hardness  data b 

distance  ratio, 
Plane 

(0001) 
(0001) 
( Ioio)  
( io io)  
( 11-20, 

C( 1120) 

Di- 
rection 

( 11-20} 
( l o i o  ) 
(0001) 
(0001) 
(0001) 
(0001) 

Knoop 
hardness 
number 

29 17 
29 54 
2129 
27 55 
239 1 

27 55 

aManuEacturerT s analyses. 
bRef. 5. 
CPerpendicdar. 
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TABLE 11. - CHEMICAL ANALYSIS (REF. 4) AND 

SOLUTE  TO IRON ATOMIC  RADIUS  RATIOS FOR 

IRON-BASE  BINARY ALLOYS 

Solute 
Aement 

Ti 

C r  

Mil 

N i  

Rh 

w 

inalyzed 
solute 

;.ontent, 
at. 96 

1.02 
2.08 

3. 86 
8. 12 

0.99 
1. 98 

3.92 

7.77 
16. 2 

0.49 

.96  
1. 96 
3.93 

7.59 

0. 5 1  

1. 03 
2.  10 
4.02 
8. 02 

15.7 

1. 3 1  
2.01 
4. 18 

8.06 

0.83 
1. 32 

3.46 

6. 66 

lnalyzed  interstitial 
content, 

ppm by weight 
~ 

C 

56 
" 

87 
" 

" 

50 
" 

40 
" 

~ 

" 

39 
" 

32 
" 

" 

28 
" 

48 
" 

38 

" 

20 
" 

12 

30 
~ 

" 

23 
" 

~~ 

- 
0 

~ 

92 
-" 

94 
"- 

~ ~~ "_ 
30 

"_ 
85 

"_ 
~ 

"_ 
65 

"_ 
134 
"_ 

~ 

-" 
so 

"_ 
24 

_" 
49 

_" 
17 5 
"- 

133 

140 
~ 

"_ 
6 1  

-" 
~ 

P 

7 
" 

9 
" 

" 

12 
" 

10 
" 

" 

6 
" 

8 
" 

" 

6 
" 

5 
" 

7 

" 

22 
" 

19 

12 
" 

2 1  
" 

Solute to iron 
atomic  radius 

ratios 
(ref. 12) 

1.1476 

I 
1.0063 

I 
0.9434 

I 
0.9780 

1 
1.0557 

1 
1. 1052 

1 
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TABLE ID. - PROPERTIES~ OF NAPHTHENIC 

MINERAL OIL 

Viscosity, m /sec (cS), at - 2 

38O C .  . . . . . . . . . . . . . . .  73. 4X10-6 (73.4) 
99' C . . . . . . . . . . . . . . . .  8.3F~X10-~  (8.35) 

Specific  gravity, at - 
16OC. . . . . . . . . . . . . . . . . . . . . .  0.880 

Pour point, OC . . . . . . . . . . . . . . . . . .  -18 

Flash point, O C  . . . . . . . . . . . . . . . . . .  224 

25OC. . . . . . . . . . . . . . . . . . . . . .  0.8'75 

aManu€acturer7s  analysis. 

,- Motor 
,- Translational 

Figure 1. - Frict ion  and wear  apparatus, 
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I .  Sliding  direction 

Figure 2. - Spherical si l icon carbide  rider.  Radius, r, 0 . 0 2 5 ~ ~ ;  sliding  direction, <0001>. 

Time -.L 

(a)  Friction  force  trace.  (b)  Surface  profile. 

Figure 3. - Frict ion  force  trace  and  surface  prof i le of groove on i r o n  - 1.02-Ti alloy. 
Single  pass  sliding of 0.025-mm-rad. silicon  carbide  rider;  sliding  velocity, 3 mml 
min; load, 0.1 N; temperature. 25' C in mineral  oil. 
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5 
I' 
" c 
W c 
W > 
0 

D 
01 
D 
m 
L aJ > 

.- m 

e 

a 

. 1 6 r  Load. 

.1 

.08 

.04 1 

8 O O r  

0 5 10 

r 

0 Lf 5 10 I 
Titanium in iron, at. % 

(a)  Annealed  surface.  (b)  Polished  surface. 

Figure 4. -Coefficients of friction,  groove  height, 
and  contact  pressure  for  annealed  and  mech- 
anically  polished Fe-Ti alloys.  Single-pass 
sliding of  0.025-mm-rad. silicon  carbide  rider 
in mineral  oil.  Sliding  velocity, 3 mmlmin; 
temperature, EO C. 
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.14 - Load. 

0 0.1 

Solid symbols denote 

L ”.. 
”.. 

E .02 u 
m .- (a) Iron-manganese alloy. (b) Iron-nickel alloy. (c) Iron-chromium alloy. 

.14 r r 

.02 I I U  
0 5 10 15 2 0 0  5 10 15 2 0 0  5 10  15 20 

Solute  content, C.  at. % 

(dl  Iron-rhodium alloy. (el  Iron-tungsten alloy. If)  Iron-titanium alloy. 

Figure 5. - Coefficients of friction for various  iron-base alloys and pure  iron as function of solute content. Single-pass sliding of 0.025-mm- 
rad. silicon carbide rider i n  mineral oil.  Sliding velocity, 3 mmlmin; temperature, 25’ C. 

r 

m > 
0 

i:b 
e 

. 4  

.2 

I 
0 5 10 

(dl  Iron-rhodiumalloy. 

7 

c 

c 

Ibl  Iron-nickel alloy. 

I I 1 
0 5 10  15 20 

Solute  content, C. at. % 

(e)  Iron-tungsten  alloy. 

R .;.=“; - n 

3 m u  

(c) Iron-chromium  alloy. 

- 

Solid  symbols  denote 

0 5 10 15 

(f l   Iron-t i tanium  al loy. 

J 
20 

Figure 6. - Groove heights  for  various  iron-base  alloys  and  pure  iron as function  of  solute  content.  Single-pass  sliding  of 
0.025-mm-rad. si l icon  carbide  r ider in mineral  oil.  Sliding  velocity. 3 mmlmin;  temperature, 25OC. 
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aJ 
800 r 

600 I 
J L 
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